The propagation of guided waves in free standing (1 − 
Introduction
Superior electromechanical coupling coefficient k 33 and ultrahigh piezoelectric coefficient d 33 have been obtained at room temperature in (1 − x)Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 [PMN-xPT] single crystals when they are being polarized along the [0 0 1] c cubic direction [1] [2] [3] [4] . It was also found that k 32 and d 32 can be very large if these crystals are polarized along [0 1 1] c [5] . Compared with the commonly used Pb(Zr,Ti)O 3 [PZT] piezoceramic, the piezoelectric constants of PMN-xPT single crystals are 3-5 times larger, which means that these crystals may trigger a revolution in the performance of next generation electromechanical devices, such as large displacement actuators, single-element and phased-array medical ultrasonic transducers and underwater SONARs.
Understanding guided wave propagation in piezoelectric plates is very important because such waves are directly related to applications in sensor technology and surface acoustic wave (SAW) devices that are used in signal processing and electronic filters. Owing to the very large electromechanical coupling coefficients, one can expect that these PMN-xPT single crystals be used in devices based on guided waves in the near future. Therefore, a thorough investigation on the guided wave propagation in thin plates of PMN-xPT is very useful both for a fundamental understanding on wave phenomena and for potential applications. In this paper, we report a theoretical study using the partial wave method [6] [7] [8] on the propagation of guided waves in free standing 1 mm thick PMN-xPT (x = 0.29 or 0.33) single crystal plates that are being polarized along [0 0 1] c , [0 1 1] c and [1 1 1] c of the cubic reference directions. The wave propagation direction is the x 1 -direction while the polarizing direction is defined as the x 3 -direction for each case. The relationship between the macroscopic coordinates (x 1 , x 2 , x 3 ) and the cubic reference coordinates is listed in table 1. At room temperature, PMN-xPT (x = 0.29 or 0.33) single crystals are ferroelectric with a rhombohedral 3m crystal symmetry. However, the macroscopic symmetry of the plates depends on the polarizing direction because different polarizing directions will generate different domain patterns [9, 10] . The polarization is achieved by applying a polarizing field that is greater than the coercive field along a desired crystallographic direction. The macroscopic symmetry for the [0 0 1] c polarized samples is tetragonal 4mm [11] , for the [0 1 1] c polarized samples is orthogonal mm2 [12, 13] , while for the [1 1 1] c polarized samples, the crystal becomes single domain, which has rhombohedral 3m symmetry.
Partial wave solutions
The elastic wave equations in a piezoelectric medium are
where u j are the particle displacements, φ is the electric potential, ρ is the density of the medium, c ij kl are the elastic stiffness tensor components, e kij are piezoelectric constants and ε ik are the dielectric permittivity tensor. The material constants of samples being polarized in different directions are measured by others and are listed in table 2 together with related references. For a linear system, the particle displacements and the electric potential can be written as a linear combination of partial waves [14] :
Here v is the phase velocity of the acoustic wave, k is the magnitude of wave vector k, b is the decay coefficient, which is to be determined. Substituting equation (2) In order to have nontrivial solutions, the determinant of the coefficient matrix in equation (3) must be zero:
where
From equation (4) 
It can be shown that equation (4) 
and α (7) , α (8) represent SH modes. 
(7) Since the plate surfaces are stress free, three traction components must vanish at x 3 = ±d/2. For the short circuit case, the electrical potential φ in equation (5b) is zero on both plate surfaces. Thus, there are eight boundary conditions for this free plate:
where the traction stresses are given by
From equations (5) and (9) and the boundary conditions in equation (8) we can get eight algebraic equations for the coefficients C n in equation (5):
whereL is an 8×8 matrix given by
, L (m)
12 is the only term containing α 2 , so that the SH modes are decoupled from other Lamb modes. But for the 3m symmetry case, SH modes are coupled with Lamb waves because c 14 = 0.
In order to get nontrivial solutions for C n in equation (10), the determinant of the matrixL must be zero, which leads to the dispersion relations between the wave vector k and the velocity v:
Considering equations (6) and (7), equation (13) can be rewritten as which leads to the condition of C q+1 + C q = 0 (q = 1, 3, 5, 7). In other words, C q+1 = −C q (q = 1, 3, 5, 7) for antisymmetric modes. Similarly, it can be derived that C q+1 = C q (q = 1, 3, 5, 7) for symmetric modes. The determinant for symmetric modes can be simplified to
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Similarly, the determinant for antisymmetric modes can be simplified to
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Numerical results and discussions
The acoustic guided waves propagating in a general anisotropic plate usually can be categorized into two families: SH waves and Lamb waves. Both types of waves can be further divided into symmetric and antisymmetric modes. The symmetry reference plane is the middle plane along the thickness direction. Usually, at high frequencies, the zeroth order symmetric and antisymmetric Lamb modes are asymptotically approaching its Rayleigh wave velocity v R , while the SH modes approach bulk shear wave velocity of the same mode, v sy . Other higher order Lamb modes will eventually saturate to the shear wave velocity v sz , at high frequencies. Mode splitting occurs when two dispersion curves of the same type (symmetric or antisymmetric modes) intersect each other and have coupling [15] . velocity decreases rapidly with frequency from a low cutoff frequency; after passing a minimum, which is below the Rayleigh wave velocity v R , the velocity begins to increase with frequency and eventually saturates to the sagittal shear wave velocity v sz at high frequencies. In both cases, the dispersion curve for the zeroth order symmetric mode starts from a finite velocity at f = 0, decreases to a minimum, then goes up with frequency and eventually saturates to the same sagittal shear wave velocity v sz . On the other hand, the zeroth order antisymmetric mode starts from f = 0, increases monotonically with frequency and eventually approaches the limit velocity v sz at high frequencies. Mode splitting occurs due to coupling when two dispersion curves of the same mode type intersect each other. Such mode coupling produces very complicated and interesting dispersion curves, as shown in figures 2 [19] and v s2 = 1623 m s −1 . And v s1 and v s2 are produced from the coupling between the two bulk shear modes. The velocity v s2 is the high frequency limit of the SH modes.
Summary and conclusions
In summary, the propagation of guided waves in free standing Using the partial wave method, we have derived the dispersion relations for guided waves propagating along the x 1 -direction of the corresponding macroscopic coordinates for each case, with the polarizing direction always defined as the x 3 -direction. Multiple crossings appeared in the dispersion curves due to coupling among symmetric and antisymmetric modes, making the dispersion relations rather complex and interesting. The results indicate that most of the dispersion relations would have a checkmark shape if there is no mode coupling, i.e. the velocities would decrease drastically with frequency at low frequencies, then increase monotonically with frequency after passing a minimum and eventually saturates to a fixed velocity at high frequencies. 
